Trichlorophenols are weak acids of high hydrophobicity and are able to transport protons across the mitochondrial membrane. Thus the proton motive force is dissipated and the ATP production decreased. In situ Fourier Transform Infrared-Attenuated Total Reflection (FTIR-ATR) experiments with 2,4,5-trichlorophenol (TCP) adsorbed to model membranes resulted in good evidence for the formation of the TCP-heterodimer. Two surfaces were examined: a dipalmitoyl phosphatidic acid (DPPA) monolayer and a planar DPPA/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer. TCP was adsorbed from 1 to 3 mM solutions at pH 6.0 to the lipid layers leading to surface layers at the water/lipid interface. Difference spectra showed an effect on DPPA acyl chains even when it was covered with POPC. Time-resolved measurements revealed two distinct adsorption processes, which were assigned to TCP and its deprotonated anion (phenoxide), respectively. For DPPA/POPC bilayers, the adsorption of TCP was faster than that of its phenoxide, whereas adsorption of both species to DPPA monolayers proceeded with similar velocity. In both cases, phenoxide formation at the membrane was found to be delayed with respect to phenol adsorption. Phenoxide and phenol were retained after replacing the TCP solution with buffer. For the retained species, we estimated a phenol/phenoxide molar ratio of 1 at pH 6.0 (pK a = 6.94 for TCP), demonstrating strong evidence for heterodimer formation. D
1. Introduction
Chlorophenol -membrane interaction: narcosis and uncoupling
Chlorophenols are active components of a great number of pesticides. The quantities applied coupled with their long degradation times makes them a major class of environmental contaminants. In principle, their toxicity is caused either by a narcosis-based mechanism or by their respiratory uncoupling potential. Depending on the observed kinetics, class 1 and class 2 uncouplers can be differentiated. Class 1 uncouplers follow first-order kinetics, whereas for class 2 uncouplers second-order kinetics are found. Finkelstein [1] has proposed that class 2 uncouplers form heterodimers, consisting each of the neutral and the conjugated ionic species of the same substance. Indeed, for 2,4,5-trichlorophenol (TCP) second-order kinetics were determined based on experiments with energy-transducing membranes isolated from photosynthetic bacteria [2] .
There exist a number of investigations comparing the toxicity of different substituted benzenes and phenols on various biological systems to elucidate quantitative structure -activity relationships (QSAR), e.g. [3] [4] [5] [6] [7] . The aim of these studies was to find simple, reliable and general molecular descriptors, based on physical parameters like the octanol-water partition coefficient or the Hammett constant, which allows one to give an estimation of the toxicity of any compound without testing it in a living system. The more that is known concerning the mechanistic details of the interaction that affect the organism, the better is the chance to find the correct molecular descriptor.
Both narcosis and respiratory uncoupling are governed by the interaction between the compound and the cell membrane. Whereas narcotic agents alter the physical properties of cell membranes through incorporation, uncoupling agents permeate membranes and destroy the proton gradient essential for ATP production. As weak acids of high hydrophobicity, uncouplers transport protons across membranes via dissociation at the proton-poor side and proton uptake at the proton-rich side of the membrane [8, 9] . From this point of view, the interaction of uncouplers with model membranes, like phospholipid vesicles, black lipid membranes and planar lipid layers, can be used to gain insight into the molecular mechanism of the narcotic effect [10, 11] as well as of the uncoupling interaction.
In this paper, we report on an infrared spectroscopic study of the interaction of TCP with model membrane assemblies, using the technique of attenuated total reflection (ATR). This experimental method has turned out to be well-adapted for structural investigations of thin layers, such as supported biomembranes, on a molecular level [12 -14] . Membrane preparation has been performed by means of the Langmuir -Blodgett (LB) or the LB/vesicle technique [15] .
Kinetic schemes of uncoupling
In general, kinetic schemes of the uncoupling process consist of the following steps: (i) partitioning of the uncoupling agent into the membrane; (ii) translocation of the protonated species through the membrane; (iii) delivery of the proton at the interface of the side with the high pH; (iv) back diffusion across the membrane, and (v) uptake of protons at the interface from the side with the low pH to close the protonophoric shuttle.
It has been documented (e.g. in kinetic studies for substituted phenols [2, 16] ) that protonophoric uncouplers may exhibit first-order or second-order kinetics and, therefore, they are divided into class 1 and class 2 uncouplers. An explanation was given by Finkelstein [1] who proposed that the second-order kinetics are due to the formation of a heterodimer (AHA À ), e.g. consisting of a phenolic and a phenoxide entity for the chlorophenols. Through kinetic studies, Escher et al. [2] postulated that the heterodimer predominates the uncoupling process for TCP (Fig. 1) . Therefore, we have chosen this compound for our Fourier Transform Infrared (FTIR)-ATR studies to assess the formation and existence of the phenol/phenoxide dimer by spectroscopic means.
Materials and methods

Materials
KOH, KCl, CCl 4 and n-hexane were obtained from Merck with p.a. grade. K 2 HPO 4 , KH 2 PO 4 , dipalmitoyl phosphatidic acid (DPPA) and 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) were purchased from Fluka, whereas TCP came from Riedel-de Haën with 99% purity. HPLC analysis confirmed that the given specification was correct. The remaining 1% were mainly 2,4,6-trichlorophenol, tetrachlorophenols and dichlorophenols. Chemicals were used without further purification. Water used was purified with an Elga filtering system to give a specific resistance of 18.2 MV cm. The buffer employed was a 25 mM potassium phosphate buffer with a total concentration of 100 mM K + at pH 6.0.
Preparation of model membranes on internal reflection elements
At the beginning of an experiment, each side of the Ge plate used as multiple internal reflection element (MIRE) was polished by means of a 0.25 Am diamond paste for 10 min. Subsequently, the plate was cleaned with ultrapure ).
water and ethanol until there were no visible impurities left. In order to remove small traces of organic compounds, the Ge plate was cleaned for 3 min in a highvoltage glow discharge unit (Harrick Sci. Corp.). The Ge plate was considered to be clean if the CH 2 -stretching bands (m(CH 2 )) at f 2920 and f 2850 cm À 1 disappeared completely in the FTIR-ATR spectrum (singlebeam mode).
Monolayers were prepared by means of the LB technique described first by Blodgett [17] and later by Gaines [18] . About 25 Al of a 1 mg/ml DPPA solution in CHCl 3 was spread on a film balance (NIMA Technology, Coventry, UK) filled with an aqueous subphase containing 0.1 mM CaCl 2 . After evaporation of the solvent, the film was compressed to a surface pressure of 30 mN/m and checked for stability for 5 min. The final area was about 100 cm 2 , the MIRE area about 20 cm 2 . Then the DPPA was transferred at (23 F 2) jC and at a surface pressure of (30 F 0.2) mN/m, withdrawing the Ge MIRE plate with a dipper speed of 2 mm/ min (0.8 cm 2 /min). The corresponding transfer ratio was (100 F 3)%. Polarized FTIR-ATR spectra of the monolayer against air were recorded and quantitatively analyzed for surface concentration and orientation (reference: clean Ge in dry air). The checked DPPA-coated Ge MIRE was mounted in a single-beam-sample-reference (SBSR) [12 -14,19,20] flow-through cell and filled with buffer for the subsequent experiments.
For the preparation of bilayers with POPC as outer leaflet, the LB/vesicle method [15] was used. A vesicle solution was prepared by sonification of the lipid in potassium phosphate buffer at pH 6.0. Two hundred microliters of a 10 mg/ml lipid/CHCl 3 solution was dried in a small glass tube and about 3 ml buffer were added to give a final lipid concentration of about 0.7 mg/ml. The solution was sonicated under N 2 purge for 30 min at temperatures above the chain melting temperature of POPC (25 jC < T < 32 jC). Solutions were almost completely transparent and used within 20 min. They were slowly pumped (0.2 ml/min) over a DPPA monolayer immobilized on the Ge plate. Then a bilayer was formed by spontaneous adsorption of lipid from small unilamellar vesicles at an adsorption temperature of 18 jC. Typically, the bilayer was completed after about 45 min. After 1 h, the vesicles solution was exchanged by buffer, and the temperature was raised to 25 jC for the following TCP experiments. Every step of the bilayer formation was monitored in situ by FTIR-ATR spectra. For typical spectra of DPPA and POPC, the reader is referred to Refs. [15, 21] .
Long-term measurements
For long-term measurements, a SBSR-ATR-setup with a chopper [19] was mounted in a BRUKER IFS 25 FTIR spectrometer. To prevent both the adsorption of TCP to hydrophobic surfaces and the contamination from softeners, a SBSR cell made of steel (flow-through cuvette) [20] and glass capillaries were used. The SBSR cell consisted of two compartments for each side of the Ge MIRE. The compartments were each of an area of 310.4 mm 2 and sealed from one another with Viton O-rings. TCP solutions of about 3 mM in buffer were prepared by sonication for 10 min and injected with a glass syringe. Spectra from adsorbed TCP in the presence and absence of TCP in the bulk phase were measured. For filling and washing with buffer solutions, a peristaltic pump (flow rate: 0.2 ml/min) was used.
Time-resolved measurements
TCP solutions of concentrations between 1 and 3 mM in buffer were prepared by sonication and pumped by means of a peristaltic pump (flow rate: 0.5 ml/min) over either a DPPA monolayer or a DPPA/POPC bilayer (for characterization see Section 3.3). A test of tube materials revealed that TCP did not adsorb to Viton. Time-resolved experiments with Viton tubes were carried out twice, the first time with a conducting connection between the Ge plate and the steel lid, the second time with an insulation of the Ge plate. Potentials were measured at the end of experiments and found to be 0 V for the first case and À 0.42 and À 0.34 V for the insulated plate with DPPA monolayer and DPPA/ POPC bilayer, respectively.
Time-resolved measurements were performed during 0.5 h with a BRUKER IFS66 making use of a software controlled polarizer which allowed recording of parallel and perpendicular polarized spectra (15 each in turn) at intervals of 1 min. The adsorption was monitored until equilibrium was reached and documented with a SBSR-ATR spectrum. This was achieved with a SBSR-ATR lift attachment, as described in Refs. [13, 14] . Afterwards, the TCP solution was exchanged for buffer, the adsorbate was washed for about 15 min and a SBSR-ATR spectrum was then scanned.
During the whole experiment, the pH and the concentration of TCP were monitored. The solutions were pumped with a peristaltic pump through the SBSR-ATR cell. Then they passed an optical concentration control unit (CCU) and a micro-flow-through pH electrode (Hamilton/Orion). The CCU consisted of a flow-through cell (standard IR-CaF 2 transmission cell with a 200 Am spacer) mounted in a micro-UV -VIS mirror attachment [20] located in the sample compartment of the FTIR instrument. Light transfer was performed by waveguides to a diode array UV -VIS spectrometer (Zeiss SPE-CORD S10). In order to protect the waveguides, a D 2 filter was used to block light in the range between 190 and 215 nm.
For the analysis of the time-resolved spectra with respect to TCP adsorption, peak heights at 1352 and 1080 cm À 1 in parallel and perpendicular polarized spectra were determined. In order to get a numerical relation between surface concen-tration and time of TCP interaction, data from series were fitted with a function f(t) of one of the following types:
No attempt was made to develop and analyze an adequate kinetic model. Numerical analysis was made with SigmaPlot 3.0. The type of f(t) was chosen by trial and error to give the best fit (smallest Rsqr value). Usually, data points up to 1000 min were acquired by many short-term measurements of parallel and perpendicular polarization in turn. The time delay between succeeding parallel and perpendicularly polarized spectra was corrected by using interpolated data for the perpendicular polarization gained from the fitted curves. The results were used to calculate the surface concentration C and the dichroic ratio R for the bands at 1352 cm 
. IR transmission and IR-ATR measurements
Molar absorption coefficients for the typical bands of the two species of TCP were first determined from transmission measurements of solutions at pH 3 and pH 11. Therefore, TCP was dissolved either in diluted HCl or diluted KOH to give concentrations between 0.5 and 3 mM. Transmission measurements were performed with a CaF 2 cell using a 10 Am mylar spacer. The coefficients were refined by repeating the experiment in potassium phosphate buffer at pH 6.0. Curve fitting was used to separate the intense 1450 cm À 1 band. Fitting parameters were checked to give the correct phenol/ phenoxide ratios, calculated from the dissociation constant pK 6.94 [22] . ATR measurements of TCP solutions at pH 6.0 by means of a clean Ge MIRE were used to determine molar absorption coefficients, too, and to check for nonspecific adsorption to the MIRE surface. Peak and integrated molar absorption coefficients are summarized in Table 1 .
UV -VIS
A 2.5 ml quartz cuvette with 1 cm pathlength was filled with 1800 -1980 Al buffer and measured as reference. As standards for calibration 20 -200 Al of a TCP stock solution were injected with a pipette to give concentrations in the range of 10-100 AM. The molar absorption coefficients were evaluated for the peak heights at the wavelengths given in Section 3.1. TCP solutions of concentrations in the millimole range were measured with a IR standard cuvette with CaF 2 windows and either a 0.1 or a 0.2 mm spacer for keeping the intense signals at 203 nm below one absorbance unit. UV -VIS measurements were performed at room temperature by means of a diode array spectrometer (Zeiss Specord S10) between 200 and 700 nm with 200 accumulations using an integration time of 50 ms and a resolution of 2.4 nm.
Results
UV -VIS measurements
UV -VIS measurements were used to determine TCP concentrations in solution and to check for association at pH 6 and 11.3 as well as for oxidation in diluted KOH at pH 11.0-11.9. At pH 6.0, the UV spectra (not shown) revealed a small peak at 293 nm and an intense peak at 203 nm. In case of using the waveguides and the D 2 filter, the peak shoulder at 229 nm was evaluated instead of the peak at 203 nm. Deprotonation at pH 11.1 shifted these peaks to 312 and 209 nm, respectively, and a new peak emerged at 245 nm. A perfect Lambert -Beer behavior was found for TCP concentrations between 0.01 and 3.0 mM (in buffer at pH 6.0) and 0.03 and 3.0 mM (in diluted KOH at pH 11.3) when absorbance peak heights at the wavelengths given above were plotted against concentration. Therefore, association of TCP did not seem to occur in solutions up to 3 mM. Molar absorption coefficients are listed in Table 2 .
In order to check phenol stability against oxidation, TCP dissolved in diluted KOH was exposed for 2.75 h to dry air bubbling through the solution at ambient temperature. Since no changes could be detected, we assumed that TCP solutions were stable within the duration of our experiments. Fig. 2a) , three intense absorption bands appear at 1456, 1367 and 1292 cm À 1 , which are typical for the deprotonated state. These bands are absent at pH 3.0, i.e. in the protonated state of TCP (Fig. 2c) , whereas broad bands exist around 1475 and 1400 cm À 1 and the appearance of a sharp band at 1080 cm À 1 is recognised. Based on these results, the ATR spectrum of TCP adsorbed to a DPPA/ POPC bilayer at pH 6 ( Fig. 2b) is to be interpreted as a superposition of the acid and phenoxide spectra. The bands at 1080, 1400 and 1488 cm À 1 show the presence of HA, whereas the prominent peak at 1446 cm À 1 is the major component of an overlapped band indicating, together with the band at 1045 cm À 1 , the existence of phenoxide (A À ) in the membrane. This peak is paralleled by a smaller, but better resolved band at 1352 cm À 1 , whereas the band corresponding to that of A À in solution at 1292 cm À 1 is too small to be significantly identified. However, a downward frequency shift of about 10 cm À 1 of typical absorption bands of A À is observed between dissolved and adsorbed ) to fit the experimental data, taking a possible dimerization of K + -phenoxide complexes into account [25] .
phenoxide (compare Fig. 2a with Fig. 2b ). We interpret these downward shifts as strengthening of hydrogen bonds to A À in the membrane and as a possible hint for heterodimer formation because the mere water hydrogen bonding to A À in solution could be replaced by intermolecular HA hydrogen bonding to A À in the membrane. It should be noted, though, that the measurements of A À in solution were performed at pH 11.3 in order to get spectra of pure A À , whereas the measurements of A À in the membrane were obtained at pH 6, i.e. at a pH value where the phenol HA would dominate over A À in solution. Pronounced phenoxide formation at pH 6.0 was typical for lipid layers and could be detected neither on clean Ge nor on clean ZnSe surfaces. Furthermore, signals of TCP in bulk solution were so small compared to adsorbed TCP that their contribution could be neglected.
Compared with the TCP spectra in Fig. 2 , the FTIR spectrum of TCP dissolved in CCl 4 (Fig. 3A) reveals a significant sharpening of absorption bands. The peak at 1186 cm À 1 should be mentioned, since it is very prominent in CCl 4 , but strongly reduced or even erased in aqueous environment. This sensitivity to the environment gives evidence that the OH group is also involved in this vibration as confirmed by vibrational analysis (Table 3) .
For assignment of bands and for the estimation of the direction of their transition dipole moments, we performed quantum chemical calculations with the GAUSSIAN 98 [23] suites of programs to get the normal modes of TCP. Therefore, geometry optimization was executed at the B3LYP level of density function theory (DFT) with a 6-311+ + G(d,p) basis set. The output was read by the program gar2ped (gaussian results to potential energy distribution) [24] , which was used to calculate the normal modes and the potential energy distributions. The measured frequencies for TCP in CCl 4 (Fig. 3A) matched well with the calculated ones (Fig. 3B) , thus giving confidence in calculated transition dipole moments used for orientation analysis. The potential energy distributions are presented in Table 3 .
However, assignments for the phenoxide (A À ) are not as straightforward because DFT is known to poorly describe even simple phenoxide [25] . This might result from solvent effects or from interaction with counterions: the complexation and dimerization may lead to downshifts in the order of 100 cm À 1 for vibrations containing significant amounts of m(CO) [26] . This was also the case for the 2,4,5-trichlorophenoxide measured in diluted KOH. Therefore, we decided to shift down the frequencies 1605 to 1456 cm À 1 and 1549 to 1369 cm À 1 , both with a high percentage of m(CO). The results are shown in Fig. 3D and are in good agreement with the experimental intensity pattern in Fig. 3C . 
Molar peak absorption coefficients and integrated molar absorption coefficients
In case of interaction with the DPPA monolayer and the DPPA/POPC bilayer, the band at 1080 cm À 1 is taken as a measure for adsorbed phenolic TCP. According to normal coordinate analysis (Table 3) , this band results from a combined vibration containing 49% of C -C bending (''ring breathing'') and 16% C -Cl stretching as major components. For the determination of the integrated molar absorption coefficient m e(m˜)dm, IR transmittance spectra of solutions containing TCP concentrations between 0.5 and 3 mM at pH 3.0 were used. The corresponding band area was obtained by integration from 1085 to 1074 cm À 1 using a linear baseline as indicated in Table 1 . Peak heights were found to be less influenced by the baseline and the signal-to-noise ratio. Therefore, the molar peak absorption coefficient e(m) at 1080 cm À 1 was also determined from peak heights measured with respect to a straight baseline between 1092 and 1067 cm À 1 . This absorption coefficient was used for calculation of surface concentrations of phenolic HA adsorbed to DPPA monolayers and DPPA/POPC bilayers.
The 1352 cm À 1 band was chosen for quantitative analysis of the phenoxide A À (see also Section 3.2.1). me(m˜)dm and e(m˜) of this band were determined with respect to a straight baseline between 1365 and 1337 cm À 1 . The integration was performed within 1361 and 1340 cm À 1 . Quantification of TCP adsorbates from time-resolved measurements were determined from peak heights at 1352 cm À 1 . A summary of applied parameters is given by Table 1 .
Characterization of the prepared model membranes
The first leaflet of the membrane consisted always of a DPPA monolayer transferred from the air/water interface to the surface of a Ge MIRE. The procedure is described, e.g. in Refs. [15, 21] . Quantitative analysis of the m s (CH 2 ) band according to Ref. [14] resulted in a surface concentration of C=(3.85 F 0.30) Â 10 À 10 mol/cm 2 , which is based on an integrated molar absorption coefficient of m s (CH 2 ) of me(m˜)dm=(5.70 F 0.20) Â 10 5 cm/mol using a linear baseline between (2830 F 1) and (2869 F 1) cm À 1 . The corresponding molecular cross-section of a DPPA molecule was then calculated to A DPPA =(43.2 F 3.0) Å 2 /molecule. The molecular order parameter S mol is found to be close to 1.00 which means nearly perfect (x,y)-orientation for the transition dipole moments of m s (CH 2 ) and zorientation of the molecular axis, i.e. of the hydrocarbon chains. These results are in very good agreement with those reported by Demel et al. [27] , who determined 43.8 Å 2 per molecule at the air/water interface at pH 7.0. The second lipid layer of the membrane consisted of POPC and was transferred by means of the LB/vesicle method [15, 21] . Applying the same analytical methods as for DPPA resulted in a molecular cross-section of (94 F 15) Å 2 , pointing to a rather loosely packed layer, since corresponding data from literature are found to be within 68 and 70 Å 2 /molecule [28] .
Long-term measurements of lipid -TCP interaction
3.4.1. Interaction of TCP with DPPA monolayers Fig. 4 displays SBSR absorbance spectra of 2.9 mM TCP adsorbed to a DPPA monolayer after 1 h (a) and 12 h (b) of exposure at pH 6. The prominent peak at 1446 cm À 1 is accompanied by shoulders at 1487 and 1462 cm À 1 . Spectra (a) and (b) display a broad shoulder at 1400 cm À 1 as well as smaller well resolved bands at 1352, 1327, 1238, 1127, 1080 and 1048 cm À 1 . The broad band near 1650 cm À 1 reflects a small incompensation of the water d(OH) band. Obviously, adsorption of TCP to the hydrophobic surface of the DPPA monolayer is completed within the first hour. The adsorbed layer turned out to be extremely stable, since only small amounts of predominantly HA could be washed out by buffer solution, as revealed by traces c and d of Fig. 4 .
Interaction of TCP with DPPA/POPC bilayers
The FTIR-ATR-SBSR absorbance spectra of a DPPA/ POPC bilayer after exposure to TCP for 16 h with and without TCP in the bulk phase are shown in Fig. 5a and b, respectively. Prominent bands of TCP are localized at . Furthermore, negative bands at 1741 cm À 1 (m(CMO), ester group) and at about 1100 cm À 1 (superposition of m s (PO 2 À ) and m(P -O -C), phosphatidic acid/ester group) can be detected; band assignments of phospholipids are found, e.g. in Ref. [29] . Since this effect is considerably reduced upon washing the membrane with buffer, the observed negative bands cannot be interpreted as lipid loss but rather as hydrocarbon chain reorientation (see Section 4.1). As in the case of TCP adsorbed to a DPPA monolayer, adsorption to the DPPA/POPC bilayer results in two forms of bound TCP, a loosely bound one, which can be washed out easily, and a tightly bound one, which was not affected by washing.
Time-resolved measurements of lipid -TCP interaction
Interaction with DPPA monolayers
The adsorption of TCP to DPPA monolayers was monitored in situ with parallel and perpendicular polarized spectra for concentrations between 1 and 3 mM. Since this experiment was performed in a stainless steel SBSR flowthrough cuvette, the Ge MIRE assumed a negative potential of À 0.42 V. The corresponding experiment under shortcircuit condition led to the same results within the limits of confidence of F 20%. The band at 1446 cm À 1 (with its shoulders) increased together with the peaks at 1352, 1080 and 1048 cm À 1 . The latter three have molar absorption coefficients of similar magnitude, whereas the molar absorption coefficient for 1446 cm À 1 is found to be larger (see Table 1 ). At equilibrium (after 1 h, Fig. 4a ) the two peaks at 1080 and 1048 cm À 1 reached about the same size. At the beginning, however, the band at 1080 cm À 1 was dominant. As depicted by Fig. 6 , the determination of the surface concentrations C(HA) and C(A À ) revealed that HA reached its saturation value somewhat faster than A À . The surface concentrations were calculated using peak heights at 1080 and 1352 cm À 1 , respectively. Corresponding molar absorption coefficients are indicated in Table 1 . Time-resolved data as presented in Fig. 6 were interpolated (solid lines) by a function f(t) = d + g(1 À exp( À kt)) + lt, where d, g, k and l are fitting parameters describing offset, maximal contribution of the exponential term, rate constant of adsorption and slope of a very slow continued adsorption of TCP, respectively. One may conclude a phenol to phenoxide ratio C HA / C A À = 1.1 F 0.2 as soon as equilibrium is approached where C HA =(6.2 F 0.4) Â 10 À 10 mol/cm 2 and C A À=(5.5 F 0.8) Â 10 À 10 mol/cm 2 . The rate constants for adsorption of TCP to the hydrophobic side of a DPPA monolayer were found to be k(A À )=(0.035 F 0.005) min À 1 for the phenoxide and k(HA)=(0.05 F 0.01) min À 1 for the phenol.
Interaction of TCP with DPPA/POPC bilayers
In Fig. 7A and B ATR spectra measured during the exposure of 2 mM TCP to a DPPA/POPC bilayer are shown. The first spectrum of the time course was acquired after 2 min (Fig. 7A, lowest trace) . It looks very similar to the spectrum of TCP at pH 3 (Fig. 2c) , i.e. the phenol HA. However, already after about 5 min a sharp new band emerged at 1446 cm À 1 and became the prominent component of the complex band between 1500 cm À 1 and 1360 cm À 1 . A corresponding small, but well resolved band appeared at 1352 cm À 1 , and could be used for kinetic analysis of the formation of this new species which, according to Fig. 2a , must be assigned to the phenoxide A À of TCP.
As in the case of TCP interaction with a DPPA monolayer, there is a significant effect on the structure of the hydrocarbon chains. A band shift to slightly higher wavenumbers is observed with symmetric and asymmetric CH 2 -stretching in the N-polarized spectra (Fig. 7A) ; corresponding negative bands were observed in the ?-polarized spectra (Fig. 7B) . Both polarizations feature negative bands of the CMO stretching vibration at 1740 cm À 1 . Surprisingly, these significant effects disappeared to a great extent as soon as TCP was replaced by washing with pure buffer solution. This procedure eliminated also a considerable amount of the phenol component HA, paralleled by the appearance of a very broad absorption between 1250 cm À 1 and 1000 cm À 1 . The time course was analyzed for HA by the band at 1080 cm 
Discussion
Stacks and multilayer formation
To visualize the amount of TCP adsorbed to the layers, surface concentrations of TCP monolayers have been calculated from the molecular size of TCP. The size was estimated from interatomic distances O 7 -Cl 11 (9.31 Å ) and Cl 9 -Cl 12 (9.87 Å ), resulting from geometry optimization, considering a van der Waals' radius of Cl of 1.8 Å . We assumed the same size for phenol and phenoxide and an overall shape of an elliptic cylinder for the molecules. Then a maximum and a minimum area per molecule were estimated as A max = 62.5 Å 2 (benzene ring parallel to the plane of the membrane surface) and A min = 10.2 Å 2 (benzene ring perpendicular to the plane of the membrane surface). Therefore, the surface concentration of a monolayer of TCP (both entities together) could be between 2.7 Â 10 À 10 and 1.6 Â 10 À 9 mol/cm 2 , depending on the orientation of the molecules.
In case of direct interaction of TCP with DPPA (Fig. 4 ) after washing with buffer, one obtained for C HA =(4.8 F 0.9) Â 10 À 10 mol/cm 2 and for C A À=(5.9 F 0.9) Â 10 À 10 mol/cm 2 leading to a C total = C HA + C A À=(1.07 F 0.13) Â 10 À 9 mol/ cm 2 and a HA/A À ratio of (0.81 F 0.20). However, TCP interaction with a DPPA/POPC bilayer (Fig. 5 ) resulted in C HA =(1.6 F 0.3) Â 10 À 10 mol/cm 2 and for C A À =(1.9 F 0.2) Â 10 À 10 mol/cm 2 leading to a C total =(3.5 F 0.4) Â 10 À 10 mol/cm 2 and a HA/A À ratio of (0.84 F 0.18). Since in the former case there is no tendency of TCP multilayer formation at elevated exposure times, we conclude that the spectrum shown in Fig. 4c is representative for a monolayer containing HA and A À orienting the planes of benzene rings approximately normal to the plane of the membrane surface.
We suggest that this is similar with the DPPA/POPC bilayer. In this case, however, HA adsorbed spontaneously to the hydrophilic surface of POPC and penetrated with slower kinetics into the membrane (see Fig. 8 ). On such a path TCP will be hindered by POPC, which was partly ( f 15%) displaced by TCP (see Fig. 5b ), leading to a delayed formation and to a reduced surface concentration of tightly bound TCP. As revealed by Fig. 5 , there exist two different populations of TCP bound to the bilayer. Still in presence of bulk phase TCP one observes a significant excess of the phenol HA which, however, turned out to be only loosely bound in the major part, since about 85% HA detached from the membrane upon replacing bulk phase TCP by pure buffer. The remaining tightly bound TCP revealed a phenol/phenoxide ratio of C HA /C A À = 0.84 F 0.18 0.18 (see above). This finding gives strong evidence for heterodimer formation in the membrane as reported in Refs. [1, 2] . Finally, it should be noted that loosely bound TCP exerts a reversible structural effect on the lipid bilayer as revealed by the sigmoidal band shapes of m s (CH 2 ) and m as (CH 2 ) in Fig. 5a (N) and the corresponding negative bands in Fig. 5a (?) . The latter as well as the negative bands of m(CMO) at 1740 cm À 1 reflect only a minor amount of lipid loss, since this effect vanishes to a great extent after washing out. The significant structural effects on hydrocarbon chains and fatty acid ester groups of the lipid membrane are thus most probably exerted from outside the membrane. Since m(CH 2 ) bands are shifted to higher wavenumbers, we postulate the formation of gauche defects in the hydrocarbon chains, leading to reorientation of the ester groups by interaction with loosely bound TCP. Electrostatic effects initiated at the membrane surface may play a role.
Orientation analysis
The approximate directions of transition dipole moments were calculated from the normal mode analysis with respect to the O-C 1 -C 4 -Cl axis. The results for two prominent vibrations of HA are shown in Fig. 1 .
On the DPPA monolayer, TCP adsorbed and deprotonated rapidly and led to a f 1:1 phenol/phenoxide layer. For the orientation analysis of the phenol (HA) the bands at 1080 and at 1488 cm À 1 were used. Phenoxide (A À ) orientation measurements were based on the bands at 1352 and 1045 cm À 1 . Dichroic ratios for the 1080 cm À 1 band started with R iso = 1.44 F 0.12 (isotropic thin film) and increased to 1.6-1.7 within an exposure time of about 1 h and concentrations of 2-3 mM. For the 1352 cm À 1 band (R iso = 1.53 F 0.14), dichroic ratios leveled off at 1.7 -1.8. Based on the dichroic ratio of R = 1.7 F 0.14 for 1080 cm À 1 at equilibrium, we determined a mean angle (a) between the z-axis (normal to the membrane surface) and the corresponding transition dipole moments of a=(49.4 F 1.3)j [14] . Taking the angle between the O-C 1 -C 4 -Cl axis of the HA molecule and the transition dipole moment into account, which was found to be 81j for the calculated frequency of 1073 cm À 1 (Fig. 1) , the O-C 1 -C 4 -Cl axis encloses an angle of about 30j with the z-axis.
Considering the interaction of TCP with the DPPA/POPC membrane, one observed first a fast oriented adsorption to the membrane surface. This is concluded from time-resolved dichroic ratios of the 1080 cm À 1 band, which resulted in R = 1.90 F 0.14 (R iso = 1.44 F 0.12) from the beginning. Corresponding measurements with the 1352 cm À 1 band resulted in R = 1.85 F 0.15 (R iso = 1.53 F 0.14). For HA, calculation based on the dichroic ratio of R = 1.90 F 0.14 for 1080 cm À 1 at equilibrium led to a resulting mean angle a=(46.3 F 1.2)j. After subtraction from the calculated angle of 81j between the O-C 1 -C 4 -Cl axis of the HA molecule and the transition dipole moment, a mean angle between the z-axis and the O-C 1 -C 4 -Cl axis of the TCP entity of about 35j is obtained, which is almost the same orientation as found for TCP on DPPA monolayers.
Conclusions
Experimental and theoretical data presented in this paper give strong evidence that TCP exposed at pH 6 penetrates a bilayer membrane and dissociates partly to form tightly bound 1:1 complexes, so-called heterodimers. This process was suggested earlier based on membrane conductance experiments [1] and kinetic measurements [2] . To our knowledge, this is the first time that strong spectroscopic evidence for the existence of a 1:1 phenol/phenoxide complex is given.
At pH 6 the phenol/phenoxide ratio in the bulk phase is calculated from pK a = 6.94 to be 10. Very surprisingly, spontaneous heterodimer formation occurs at the hydrophobic surface of a DPPA monolayer. Orientation measurements and determination of the surface concentration revealed an oriented, tightly packed monolayer featuring an angle of about 30j between the O-C 1 -C 4 -Cl axis (see Fig.  1 ) and the z-axis (normal to the membrane surface). Exposing a DPPA/POPC bilayer to the same bulk solution led to spontaneous oriented adsorption of the phenol to the surface of the bilayer. Most probably, due to the electrostatic interaction exerted to the membrane by adsorbed ionic species of TCP, reversible conformational changes occurred in the region of the hydrocarbon chains and of the fatty acid ester groups. It might be that TCP-induced gauche defects in the hydrocarbon chains enabled penetration of TCP into the interior of the membrane, forming again very tightly bound heterodimers in the hydrophobic environment, similar to the process observed with the DPPA monolayer, however, significantly slower and with a lower surface concentration corresponding to the loss of about 15% POPC of the outer monolayer of the membrane. Heterodimers remain trapped in the membrane, even when the bulk TCP solution is replaced by pure buffer. However, the structural disturbances in the hydrocarbon chains in the ester region vanish to the major part in this case. This observation might give some evidence for a proton shuttle enabling, e.g., decoupling of ATP synthesis. The orientation of the heterodimers in the bilayer is found to be the same as observed with the DPPA monolayer.
